Abstract
Introduction
Solid fuel use for cooking is a major source of household air pollution, and is considered to be a leading cause of adverse health effects [1] . Household air pollution is predominantly reported with solid fuel use for cooking [2] . Solid fuel combustion is linked to an array of adverse health effects [4] [5] [6] . It is estimated that 4.3 million premature deaths are attributable to household air pollution [1] . About 66% of Sri Lankan households use solid fuel as the primary source of cooking fuel. The use of solid fuel for cooking has not declined markedly over the years [2] . The most commonly used solid fuel in Sri Lanka is wood (2) . In Sri Lanka, solid fuel use was least in the urban sector (25% of households) while the percentage was highest in the plantation sector (80%) [4] .
The health effects of air pollutants emitted from solid fuel cook stoves depend on the type of solid fuel used, the concentration of the pollutant, duration and frequency of exposure and toxicity associated with the pollutants. Further, concentration of pollutants depends on kitchen characteristics such as ventilation, presence of a chimney and stove design [5] .
Commonly used stove types in Sri Lanka include traditional stoves as well as improved cook stoves (i.e., "Anagi" stove). "Traditional stoves" which have been used in households for many years are mostly user built with locally available materials such as the "three stone stove". "Anagi stoves" are light weight clay products that could accommodate one or two cooking utensils at a time and are commercially available ( Figure 1 ). Previous studies have reported that the use of improved cook stoves and presence of a chimney reduces personal exposure to PM [5] .
PM, a mixture of solid and liquid particles suspended in the air, is one of the most hazardous pollutants emitted during combustion of solid fuel [7] . PM is directly emitted into the air or forms in the atmosphere from gaseous precursors [8] . PM produces adverse health effects via different mechanisms. For example, PM increases susceptibility to infection through alveolar macrophage-driven inflammation, alterations in alveolar macrophage phagocytosis and upregulation of receptors involved in pathogen invasion [9] . PM is commonly described by the size fraction of its aerodynamic diameter. PM 10 refers to PM with an aerodynamic diameter < 10 µm and PM 2.5 refers to PM with an aerodynamic diameter <2.5 µm. PM is quantified by its mass concentration in the air (µg/m 3 ) [8] . PM with smaller aerodynamic diameters are more hazardous as they are able to penetrate deep into the lungs [7] .
In this study, we describe PM 
Methodology
This study is part of a larger prospective study examining the effect of biomass fuel use on birth outcomes and development of children under five years. This study describes the exposure related information ascertained by an interviewer administered questionnaire and monitoring of PM in households.
Study Setting
The study was conducted in the Ragama Medical Officer of Health area, an area with a multiethnic population having semi-urban to rural characteristics in the Gampaha district of Sri Lanka. The Gampaha district is the second most populous district of the country with population density of 1589/ km 2 . Study households were located over a 25km 2 area of the Gampaha District.
Data collection
Appointments for home visits on a convenient day were made beforehand in consultation with the mother of the child followed up in the larger study. An interviewer administered questionnaire was administered to mothers of 426 households after obtaining informed written consent. The questionnaire included extensive details on household characteristics and practices related to household air pollution exposure, socio-demographic data, etc.
Information on type of cooking fuel used (primary and secondary), location of the kitchen The exact time of starting the cooking session was noted enabling the calculation of baseline PM concentrations.
Statistical Analysis
As air quality data were skewed, the median and the interquartile range were used to describe data. The minute to minute logged data was used to calculate (1) PM concentration prior to the cooking session (baseline) and (2) PM concentration during the cooking period (cooking)as shown in figure 1. Baseline PM concentration was taken during the first 10 minutes of monitoring. Data from the end of baseline to the start of the cooking period were not taken as pollutant levels may change when the cook stove is being cleaned and set up.
Information on the start of the cooking time was obtained from the check list. Then, PM concentrations were monitored from the start of cooking to the end of the monitoring period.
Households were monitored for approximately 2 1/2 hours. PM concentrations at baseline and during cooking were compared using the Mann-Whitney U Statistic). PM concentrations were log transformed and a multiple linear regression model fitted. Mothers residing in houses with high levels of PM were advised on how to mitigate the adverse effects of indoor air pollution.
Results
Kitchen characteristics of the entire study population (n = 426 households) are given in table 1; 245 (57.5%) households used LPG as the primary cooking energy (i.e., cooking fuel use > 75%) while 116 (27.2%) households used wood as the primary cooking energy (i.e., cooking fuel use > 75%). Considerable number of households include more than one energy for cooking. Less than 25% of energy source for a cooking sessions was electricity (for rice cookers, kettles, etc.) in 44% (n = 188) of households. About 47% (n=54) of households that predominantly used wood as the cooking fuel were using multiple pot improved stoves. The majority of the households had a separate room (n = 368, 86.4%)(kitchen) for cooking in the main building. Over 50% of households that cook indoors had a chimney. households used wood for between 50-75% of the time and 13 households used wood for more than 75% of the time but less than 100% of the time. The highest PM 2.5 concentration during cooking was reported in kitchens in households using wood 100% of the time concentrations in any of the microenvironments between households using 100% wood and 100% LPG. However, there were significant differences in PM concentrations during the cooking period in all microenvironments between households using 100% wood and 100%
LPG. 1. Log transformed data 2. Traditional wood stove and wood fuel use; improved wood stove and wood fuel, LPG stove and LPG fuel 3. Chimney condition is poor functionality; chimney present and they are in fair or good functionality 4. Ratio between space opens outdoors from the kitchen (height, width, and length of all the windows and doors open at the monitoring period) and total size of the kitchen (height, width, and length of the kitchen) 5. Indoor other sources A liner regression model was fitted to log transformed PM 2.5 concentrations to assess important determinants of PM 2.5 concentrations during cooking in houses where the kitchen was located in the main building of the house (Table 4) . Fuel type and stove type, having a chimney in a fair or good condition, ratio of open space and total volume of kitchen, and baseline PM 2.5 concentration were significant predictors of PM 2.5 concentrations during cooking.
Discussion
We compared PM fraction concentrations (PM 1, PM 2.5 and PM 10 The majority of the households used more than one cooking fuel. Of the households that used a secondary cooking fuel, 44% and 11% of households used electricity and wood (up to 25% of cooking time), respectively. Results show that the households using wood 50% or more of the time but less than 100% of the time have lower PM 2.5 concentrations in all household microenvironments as compared to households that use 100% wood for cooking. According to the energy ladder, electricity is considered to be the cleanest and most convenient type of energy, but expensive [7] Except one household, all the households in present study had electricity for lighting purpose. However only a single household predominantly used electricity (i.e., ≥ 75%) as a cooking fuel. This may due to cost as well as other factors such as relative availability of wood and cultural believes [2] . However, 43% and 12% of the households uses dry vegetation and wood respectively as the secondary cooking fuel. Some households uses more than one energy type as the secondary cooking fuel type as shown in the table 1.
As reported by other similar studies [10, 11] , highest concentration of PM was reported from the wood using households. In fact, PM 2.5 is several folds higher in wood using kitchens as compared to LPG using kitchens, and 24hour guideline value of World Health Organization Cooking with solid fuel increase the PM levels not only with in the household. It increases the immediate outdoor PM levels by more than two folds. Similarly, other studies prove the increase of outdoor air pollutant concentrations in solid fuel use [7] .This confirms the solid fuel use finally contribute to the outdoor air pollution perhaps contributing to climate change.
The black carbon, a component in the PM emit from solid fuel is considered to be the strongest short lived absorber of solar radiation in the atmosphere contributing to global warming seconding only to long lived greenhouse gases [13] .
Present study shows that the PM 2.5 pollution in the kitchen also increases the pollution in the other micro environment in the households. This shows, even if the household members do not come to the kitchen but stay in living room and sleeping room are exposed to high PM pollution.
Living room and sleeping room PM concentration during the cooking period is lower than the both kitchen and immediate outdoor. A similar study in Shanxi, China reported that the values in the rooms (114 ± 81µg/m 3 )are lower than the kitchen (376 ± 573µg/m 3 ) but room values were higher than the outdoor values (64 ± 28µg/m 3 ) [14] . This different may be due to structural differences of the household, climatic differences in two countries and differences in monitoring location.
Chimney is an important determinant of household air pollution specifically when the wood is used as the single cooking energy (Table 3) . Present study shows PM 2.5 concentration increases more than three folds in households not having a chimney and rely only on woodand cooking inside the main building irrespective other characteristics. A previous studies in Sri Lanka [5] and in other solid fuel using countries [15] open space and total space of kitchen (4) PM 2.5 concentration at the non-cooking time.
